Discoveries of the scale-free and small-world features are reported on a network constructed from the seismic data. It is shown that the connectivity distribution decays as a power law, and the value of the degrees of separation, i.e., the characteristic path length or the diameter, between two earthquakes (as the vertices) chosen at random takes a small value between 2 and 3. The clustering coefficient is also calculated and is found to be about 10 times larger than that in the case of the completely random network. These features highlight a novel aspect of seismicity as a complex phenomenon.
In modern statistical mechanics of complex systems, the concept of evolving random networks is attracting great interest. This stream was initiated by the pioneering works of Watts and Strogatz [1] on small-world networks and of Barabási and Albert on scalefree networks [2] . The primary purpose of this research subject is to understand topology and dynamics of evolving networks representing collective behaviors of complex systems. The worked examples include scientific collaboration, pattern of citation of scientific papers, metabolic networks in cells, food webs, social networks, World Wide Web, the Internet, electrical power grids, and collaboration of actors [1] [2] [3] [4] .
Each of these systems is mapped to a graph, in which a member (e.g., HTML of World Wide Web) is regarded as a vertex and the complex interaction between the members (e.g., pointing from one HTML to another through a link) is identified with an edge.
Striking observations common in these apparently different systems are that their networks form small worlds with a few degrees of separation between two arbitrarily chosen members and are scale-free being characterized by the connectivity distributions that decay as a power law.
Seismology has also been attracting continuous interest of researchers of science of complex systems [5] [6] [7] [8] [9] [10] [11] [12] [13] . Although seismicity is characterized by extremely rich phenomenology, some of the known empirical laws are remarkably simple and exhibit its complexity aspects. The celebrated examples are the Omori law [14] for the temporal pattern of aftershocks showing slow relaxation and the Gutenberg-Richter law [15] for 3 the relationship between frequency and moment obeying the power-law distribution.
In this article, we study the properties of the network associated with earthquakes.
We report the discoveries of the scale-free and small-world features of the earthquake network constructed for southern California. The concept of earthquake network is the following. A geographical region under consideration is divided into a lot of small cubic cells. A cell is regarded as a vertex when earthquakes with any values of magnitude occurred therein. If two successive earthquakes occur in different cells, the corresponding two vertices are connected by an edge, whereas two successive earthquakes in the same cell define a loop. Complex fault-fault interactions are replaced by these edges and loops. In this way, the seismic data can be mapped to an evolving network. It is clear in this construction that there is a unique parameter, which is the size of the cell. Since there are no a priori operational rules to determine the cell size, it is essential to examine the dependencies of the network properties on this parameter. Once the cell size is fixed, the earthquake network is unambiguously defined by the seismic data [12] . The evolving earthquake network contains a few vertices corresponding to mainshocks. If the locus of a mainshock is shallow, it usually reorganizes the stress distribution in the relevant area, yielding the swarm of aftershocks. Through our data analysis, we have found a remarkable fact that aftershocks associated with a mainshock tend to return to the neighborhood of the locus of the mainshock, geographically, making the degree of connectivity of the mainshock vertex very large. Accordingly, the 4 mainshock plays a role of a "hub" with large degrees of connectivity and preferential attachment [2] is realized. This is schematically depicted in Fig. 1 , in which the vertices, A and B, may be identified with the mainshocks. This observation leads to the reasoning that the earthquake network may be scale-free and possess the small-world structure.
Here, we show that this is indeed the case. We shall see that the connectivity distribution decays as a power law, the degrees of separation take the small value between 2 and 3, and furthermore the clustering coefficient [1] is about 10 times larger than that in the case of the completely random network [3, 16] . These results highlight a novel aspect of seismicity as a complex phenomenon.
In the Barabási-Albert scale-free network model [2] , a newly created vertex tends to be connected to the ith vertex v i having connectivity k i with probability
which mathematically represents the nature of preferential attachment. In the continuous and long-time limits, the model gives as the solution the connectivity distribution of the Zipf-Mandelbrot type [17] Pk kk () ()
where In Fig. 2 , we present the plot of the connectivity distribution. The cell size employed here is 555 km km km ××. The dots represent the data in the above-mentioned region, whereas the solid line describes the Barabási-Albert model. From it, we can appreciate that the data well obey the distribution in Eq. (2). We have also examined other values of the cell size, but the result turned out to always exhibit the scale-free nature. This may be interpreted as follows. The Gutenberg-Richter law, on the one hand, tells us that frequency of earthquakes with large values of moment decays as a power law. On the other hand, as already mentioned, aftershocks associated with a mainshock tend to be connected to the vertex of the mainshock. Thus, the scale-free nature of the connectivity distribution is consistent with the Gutenberg-Richter law.
Next, we show in Fig. 3 the degrees of separation (i.e., the characteristic path length or the diameter) between an arbitrary pair of two vertices. Here, we vary the cell size Then, the clustering coefficient is defined by
where N denotes the total number of vertices. In the case of the completely random network, this quantity can be written as follows [1, 3, 4] :
where <> k is the average connectivity. The point of central importance is that a complex network has the clustering coefficient which is much larger than C random [1] .
We ). Therefore, compared to the completely random network, the clustering coefficient is about 10 times larger.
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In conclusion, we have constructed the complex network for earthquakes and have studied its scale-free and small-world features. We have shown that the connectivity distribution decays as a power law and the degrees of separation between two earthquakes as the vertices chosen at random take a small value between 2 and 3. We have also calculated the clustering coefficient and have found that its actual value is about 10 times larger than that in the case of the completely random network.
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